Voltammetric oxidation of vinblastine sulfate was studied at the platinum semi-micro electrode, by cyclic and pulsed voltammetric techniques, in 9:1 acetonitrile-water mixture containing 0.2 M sodium perchlorate. A plausible scheme of sequential electrochemical and chemical reactions is suggested for the cyclic voltammetric behavior of vinblastine.
Introduction
Vinblastine sulfate (Figure 1 .) is an antimitotic drug, was first isolated by Robert Noble and Charles Thomas Beer from the Madagascar periwinkle plant. Vinblastine's utility as chemotherapeutic agent was first discovered when it was crushed into a tea. Consumption of tea led to a decreased number of white blood cells; therefore, it was hypothesized that vinblastine might be effective against cancers of white blood cells such as lymphoma. (1) .It is a dimer of an indole (catharanthine) and a dihydroindole (indoline, vindoline) moiety. Its major use is as an antineoplastic against Hodgkin's disease, breast cancer, renal and Kaposi's sarcoma, and others but it is not particularly effective against acute leukemia's (2) Figure 1 . Structural formula of vinblastine sulfate. The indole alkaloids like vinblastine gave oxidation waves in mixed aqueous/organic media by cyclic, normal pulse, and differential pulse voltammetry. Of the systems investigated, differential pulse voltammetry at carbon paste anodes in pH 5.6 acetate buffers in ethanol/water (1:1) is recommended for general analytical work; calibration graphs were linear up to about 1.0 mM, with limits of detection of 0.04, 0.020, and 0.0015 mM for vinblastine, catharanthine, and vindoline, respectively. Results obtained by cyclic voltammetry as well as by pulse techniques suggest that electron transfer is preceded by deprotonation and followed by additional chemical reactions. Products of the electrode processes form mechanically unstable films on the electrode surface (3).
The anodic oxidation of catharanthine in the presence of vindoline performed in MeCNEt 4 NClO 4 at a controlled potential yields (16΄S) -and (16΄R)-anhydrovinblastine in 4.3:1 ratio. The favorable stereoselectivity found at room temperature is rationalized by proposing the coupling of generated dication catharanthine ++ and vindoline at the electrode surface. The mechanism of the overall fragmentation/coupling reaction was studied using electrochemical techniques and the technique of homogeneous redox catalysis. It was concluded that the rate-determining step in the overall reaction is the first electron transfer leading to Catharanthine · + . Molecular orbital calculations support the proposed mechanism and provide the evidence that C 16 -C 21 bond fragmentation is a homolytic process (4).
A method has been developed to determine indole in shrimps by differential pulse voltammetry at a platinum electrode in an emulsified medium, after extraction into hexane-ethyl acetate (49+1). The standard additions method was used in order to minimize the matrix effect. Recoveries at the concentration levels of 11.71 and 0.94 µgg -1 of shrimp were eighty two and seventy five percent, respectively. The relative standard deviations were 3.5 and 4.0%, respectively. The accuracy of the proposed method was verified by comparing the results obtained from the analysis of shrimp samples allowed to decompose at room temperature for first, third and fourth day, with those obtained from a spectrophotometric method (5).
The alkaloids of catharanthus roseus are widely used in the chemotherapy of cancer. Their nitro-derivatives have also antitumour activity. The dinitro-derivatives of leurocine and vinblastine were prepared for pharmacological investigation. The coupling of catharanthine and vindoline was done either by selective reduction of deacetoxyvinblastine or by ferric chloride mediated coupling reaction of catharanthine and the corresponding vindoline derivatives (6) .
Photolysis of catharanthine in the presence of several potential electron acceptors and cyanide ion leads to either addition of cyanide at C 3 and C 5 or to C 16 -C 21 fragmentation and addition of cyanide at C 21 . The product composition depends on the acceptor and the presence or absence of oxygen (7) .
A differential pulse polarographic method has been developed for determination of the antineoplastic agents vincristine and vinblastine at ngmL -1 level, in biological fluids such as plasma and urine. The vincristine and vinblastine are extracted from urine with amberlite XAD-2. Linear calibration plots are obtained for both over the concentration range 0.005-5 µgmL -1 . The relative standard deviations found were 1.7% for analysis of the pure drugs, 7.3% for urine and 8.6% for plasma (8) . A survey is given of relations between the polarographic half wave potential and pH for a two electron irreversible reduction in which the rate determining step is a single or double electron transfer, chemical reaction of first or second order, or disproportionation (9) .
A regio-and stereoselective didehydrodimerization procedure, whose key step involves the anodic oxidation, allows the conversion of α-anilinoacrylic alkaloids belonging to the Aspidosperma class, typified by tabersonine and its 3-oxo derivative, into the hitherto unknown 16,10'-didehydro dimmers, respectively (10).
The anodic oxidation mechanism of the vinca alkaloids vinblastine, its semi-synthetic derivatives vindesine and 5'-noranhydrovinblastine, and of vincristine, all with closely similar structures, was studied at a glassy carbon disk electrode in buffered aqueous media using differential pulse and cyclic voltammetry. The effect of pH on the mechanism showed that it is a complex multistep electron transfer with deprotonation steps involved and that the final products, dimers or polymers, adsorb strongly to the electrode, forming an unreactive film on the electrode surface. The electrochemical differential pulse voltammograms showed a correlation between the vinblastine derivatives, whereas vincristine reacts at different potentials. These differences in the anodic oxidation mechanisms of the compounds studied can be related to their neurotoxicity and myelosuppression effects. These effects may be due to the metabolite and/or degradation products of the compounds and result from how they are attached to, or transported across, cellular structures such as cell membranes (11) .
The development of a method for the determination of the antineoplastic vinca alkaloids vinblastine and vindesine in biological samples is described. The selectivity of the assay is high owing to the use of solid phase extraction on a cyanopropyl extraction column prior to isocratic chromatography on unmodified silica gel with fluorescence detection. The influence of acetonitrile concentration and mobile phase pH on the capacity factors of the drugs was studied in order to optimize the separation between the drugs and endogenous components. The effect of varying the type and concentration of competing cations in the mobile phase was also examined. The limit of determination (signal to noise ratio = 3) for vinblastine is 0.5 ngmL -1 in plasma and urine and for vindesine 2.5 ngmL -1 . The assay is suitable for determining the concentrations of both compounds in plasma and urine samples from patients (12) .
Alkaloid dimers are formed by coupling vindoline and catharanthine in the presence of ferric ion. The predominant products are 3',4'-anhydrovinblastine and vinblastine when reaction conditions are selected appropriately (13) .
Traditional chinese medicines have attracted great interest in recent researchers as alternative antineoplastic therapies. This review focuses on analytical approaches to various aspects of the antineoplastic ingredients of traditional chinese medicines. Emphasis will be put on the processes of biological sample extraction, separation, cleanup steps and the detection. The problems of the extraction solvent selection and different types of column chromatography are also discussed. The instruments considered are gas chromatography, capillary electrophoresis and high performance liquid chromatography connected with various detectors (ultraviolet, fluorescence, electrochemistry, mass, etc.).
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In addition, determinations of antineoplastic herbal ingredients, including camptothecin, taxol (paclitaxel), vinblastine, vincristine, podophyllotoxin, colchicine, and their related compounds, such as irinotecan, SN-38, topotecan, 9-aminocamptothecin, docetaxel (taxotere) and etoposide, are briefly summarized. These drugs are structurally based on the herbal ingredients, and some of them are in trials for clinical use. Evaluation of potential antineoplastic herbal ingredients, such as harringtonine, berberine, emodin, genistein, berbamine, daphnoretin, and irisquinone, are currently investigated in laboratories (14) .
The distribution of chemotherapeutics in solid tumors is poorly understood and the contribution it makes to treatment failure is unknown. Novel approaches are required to understand how the three dimensional organization of cancer cells in solid tumors affects drug availability. Since convective drug transport is limited by increased interstitial pressure in poorly vascularised cancers, the aim of this study was to measure the diffusive hindrance exerted by solid tumor tissue. Multicell layer tumor models comprising dihydrolipoamide dehydrogenase colon cancer cells were characterized and fluxes were determined for ( 3 H)-vinblastine and ( 14 C)-sucrose. The mathematical models provided the diffusion coefficients for both compounds and predicted higher exposure of cells in the vicinity of vessels. The diffusion of vinblastine was three times slower than that of sucrose. Although slow diffusion delays vinblastine penetration into the avascular regions of tumors, the proliferating cells are generally in the marginal area of tumors. The mathematical model that we have developed enabled accurate quantification of drug pharmacokinetic behaviour, in particular, the diffusivity of vinblastine within solid tissue. This mathematical model may be adapted readily to incorporate the influence of factors mediating pharmacokinetic drug resistance (15) .
The role played by proton transfer reactions in the formal kinetics of electrohydrodimerization processes is discussed. For each type of coupling (radicalradical, radical-substrate, ion-substrate), the effects of the protonations of the various basic species generated at the electrode or through solution electron transfers (dimer dianion, dimer anion radical, di-anion and radical anion) are considered successively. Wave equations and characteristics are derived for linear sweep voltammetry, rotating disc electrode voltammetry and classical polarography in each case. Diagnostic criteria to be used when observing the variations of the peak potential (linear sweep voltammetry) or the half wave potential with the scan rate or the rotation speed, the initial concentration and the acidity of the medium are presented (16) .
The mechanisms of electrodimerization of 1,2,3,4-tetrahydrocarbazole and its N-methyl derivative have been investigated using cyclic, linear-sweep, normal pulse, and reversepulse voltammetry at carbon-paste and platinum electrodes in acetonitrile/water (9:1). The electrooxidations of these compounds proceed by different mechanisms. Both compounds exhibit two one-electron oxidation waves resulting in dimeric products. The first step in these oxidations is reversible electron transfer to yield a cation radical. For tetrahydrocarbazole, this reaction is followed in succession by radical-parent coupling and a rate determining disproportionation of dimeric and monomeric radicals. For Nmethyl tetrahydrocarbazole, initial formation of the cation radical is followed either by radical-radical or radical-parent coupling. In either case the rate determining step is deprotonation by cleavage of a carbon-hydrogen bond. These processes appear to be unaffected by the nature of the electrode surface. Voltammetric data for the second ECS Transactions, 16 (18) 3-23 (2009) oxidation waves of the tetrahydrocarbazoles are consistent with oxidation of the cation radical formed in the first wave. For tetrahydrocarbazole, electron transfer from this radical to the electrode appears to be slow. The corresponding radical of N-methyl tetrahydrocarbazole seems to undergo a reversible electron transfer. Additional chemical reactions involving products of the oxidation and the parent compound occur following the second electron transfer (17).
1-Carbomethoxy-1,2,3,4-tetrahydrocarbazole and its 7-methoxy derivative were oxidized at carbon felt anodes in acetonitrile containing 0.2 M lithium perchlorate and 2-17 M water at potentials on the rising portion of the primary oxidation peak to yield products formed by formal substitution of the C-1 H atom with hydroxide. The resulting 1-hydroxy-l-carbomethoxy-1,2,3,4-tetrahydrocarbazole and its 7-methoxy derivative were isolated in 44 and 22% yields, respectively, when sodium bicarbonate was used to control acidity of the medium. Structures were elucidated by nuclear magnetic resonance, infrared, elemental analysis, and mass spectrometry. Voltammetry at carbon paste and glassy carbon electrodes showed that the oxidations proceed by an ECE or DISPI pathway. The rate determining step is the reaction of water with a cation radical electrochemically, involving either proton abstraction or nucleophilic addition (18) .
Experimental
Voltammetry of 0.5 mM vinblastine sulfate at platinum electrode in 9:1 acetonitrile water mixture Chemicals and materials Specification of chemicals and materials used were used as follows: NaClO 4 E-Merck Germany 4. γ-alumina (0.05micron) Mesoporous (moleculer sieve alumina). These chemicals are of analytical grade and were used without further purification. Polishing of the working electrode was done on a nylon-texture synthetic cloth pad soaked with slurry of γ-alumina powder (0.05 micron) in water.
Instrumentation & Techniques
Cyclic and pulse voltammetry were carried out using EG&G, Princeton Applied Research Corp, VersaStat II potentiostat. All experiments were performed in a three electrode cell containing platinum (8x10 -4 cm 2 ) working electrode, a platinum foil as counter electrode and saturated calomel reference electrode. However initially background was sodium perchlorate dissolved in 90% acetonitrile/10% water solution, but later pure acetonitrile (double distilled) containing 0.2 M sodium perchlorate (recrystallized) was used. Data were acquired using M270 electrochemistry research software on a dedicated PII microprocessor coupled to the potentiostat. All experiments were carried out at room temperature.
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Voltammetry at Platinum Electrode
Cyclic and pulse voltammograms of 0.5 mM vinblastine sulfate were recorded for the background electrolyte at scan rate 0.1 Vs -1 and 0.05 Vs -1 . 10 ml of 0.5 mM of vinblastine sulfate solution was added to the electrochemical cell and cyclic voltammograms were recorded at different scan rates. Normal pulse voltammograms were recorded at different pulse width 0.040 s, 0.045 s, 0.050 s, 0.055 s and 0.060 s at scan rate 0.005Vs -1 . Differential pulse voltammograms were recorded at pulse height 0.025 V, 0.050 V, 0.060 V, 0.070 V and 0.080 V at scan rate 0.005Vs -1 and pulse width 50 ms and at different peak width 0.040 s, 0.045 s, 0.050 s, 0.055 s and 0.060 s at scan rate 0.005Vs -1 and peak height 0.070 V. Voltammetry of vinblastine sulfate at platinum electrode in pure acetonitrile (double distilled) containing 0.2 M sodium perchlorate (recrystallized) Specification of chemicals and materials Concentration dependence and scan rate dependence at lowest detection limit was carried out by the same chemicals mentioned above but acetonitrile was double distilled and sodium perchlorate was recrystallized before use. Pretreatment of working electrode was done by placing it in 5% nitric acid for fifteen minutes and then thoroughly washed by distilled water. Polishing was done by placing it in 5% nitric acid for five minutes after each scan followed by thorough washing by distilled water.
Instrumentation & Techniques
Scan rate dependence of 8 µM vinblastine sulfate was carried out using EG&G, Princeton Applied Research Corp, VersaStat II potentiostat. Data were acquired using M270 electrochemistry research software on a dedicated PII microprocessor coupled to the potentiostat. Concentration dependence by using differential pulse voltammetry was carried out using Gamry potentiostat P 4-750 coupled with electrochemistry search software. All experiments were performed in a three electrode cell containing platinum (8x10 -4 cm 2 ) working electrode, a platinum wire as counter electrode and saturated calomel reference electrode. Background was pure acetonitrile (double distilled) containing 0.2 M sodium perchlorate (recrystallized). All experiments were carried out at room temperature.
Concentration Dependence via differential pulse voltammetry
Concentration dependence of vinblastine sulfate was carried out via differential pulse voltammetry in pure acetonitrile (double distilled) containing 0.2 M sodium perchlorate (recrystallized) at steady acidic pH = 5; Scan rate = 5 mVs -1 ; Pulse width = 50 ms;
Step time = 0.4 s; Pulse height = 70 mV. The sample used for this purpose was kept for four days before it was subjected to analysis.
Scan rate dependence at lowest detection limit via cyclic voltammetry Scan rate dependence of 0.8 µM vinblastine sulfate was carried out in pure acetonitrile (double distilled) containing 0.2 M sodium perchlorate (recrystallized) at platinum electrode (8x10 -4 cm 2 ). Platinum wire was used as counter electrode. Saturated calomel electrode was used as reference electrode. , 16 (18) 3-23 (2009) 
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Results and discussion
The structure of vinblastine has two components, catharanthine moiety and vindoline. In vindoline, its structure is found to be similar to tetrahydrocarbazole and the reactive site is found to be at position 10 (17, 18) . But in case of vinblastine this site is used to dimerize with catharanthine moiety. Therefore the most probable sight for the electron transfer is from indoline moiety, which seems to be shielded somehow and therefore results in less prominent peak. The second peak at 1.3 V relates to the electron transfer from the catharanthine, indole moiety. The appearance of cathodic peak relates to the fact that the peak potential of catharanthine in the presence of vindoline was shifted cathodically indicating the increase of the overall rate of the electrode reaction (4). Cyclic Voltammetry. Typical cyclic voltammograms were obtained for 0.5 mM vinblastine sulfate in 90% acetonitrile/10% water containing 0.2 M sodium perchlorate as a supporting electrolyte at scan rate 0.05 Vs -1 and 5 Vs -1 as shown in Figures 2 and 3 , respectively. Two well defined anodic peaks were observed with associated cathodic peak in the reverse scan. The second peak becomes more pronounced at the cost of first anodic peak with increasing scan rate as could be observed in Figure 3 . Significantly, the peak potential was shifted cathodically by increasing scan rate indicating the increase of the overall rate of the electrode reaction. The plot of half peak potential versus log of concentration is shown in Figure 4 . whose corresponding parameters are given in Table I . The relationship between the anodic peak current and the square root of scan rate for peak one is shown in Figure 5 and the relationship was found to be almost linear for both peaks. Figure 6 . Which illustrate almost similar behaviors as were observed in cyclic voltammetry i.e. two peaks were obtained amongst them one is more prominent than the other (21) . Figure 7 shows variation of summit potential and peak current with pulse height for differential pulse voltammetry of 0.5 mM vinblastine sulfate at platinum electrode. 
Concentration dependence via differential pulse voltammetry
In order to investigate the concentration dependence of vinblastine sulfate, differential pulse voltammetry was used due to enhanced sensitivity of this technique. The sample was kept at > 5 °C for four days before it was subjected to analysis due to its more pronounced behavior at the fourth day, evidence was provided by UV-visible spectra shown in Figure 8 . Two peaks for vinblastine were observed, near 210 nm and 275 nm. The spectra for samples at the first and fourth day were overlayed in the following figure which shows marked difference in absorbance. This difference of behavior of vinblastine sulfate was attributed to the formation of 4-deacetylvinblastine (20) . , 16 (18) 3-23 (2009) Figure 9 . shows the influence of logarithm of concentration on summit current for differential pulse voltammetry of vinblastine sulfate which was linear upto 0.25 mM and then tend to increase gradually. Table II. shows the parameters showing variation of summit potential and summit current with concentration. Figure 8 . Comparison of UV-visible spectra of vinblastine sulfate at the first day (lower) and at the fourth day (upper). , 16 (18) 3-23 (2009) Scan rate dependence via cyclic voltammetry at lowest detection limit, 8µM
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In order to investigate the behavior of vinblastine sulfate at different scan rates by using cyclic voltammetry, lowest detection limit was determined. Comparison of various cyclic voltammogram of 8 µM vinblastine sulfate at different scan rates is shown in Figure 10 . Figure 11 . illustrates the influence of peak current on square root of scan rate which was almost linear showing that it is diffusion controlled process. Table III. shows cyclic voltammetric behavior of 8 µM vinblastine sulfate for the influence of scan rate on peak current and peak potential. 
Conclusion
By analogy with the electrochemistry of closely related structures, the second peak arises from electron abstraction from indole-like part of the catharanthine moiety in vinblastine. The cation radical degrades via fast follow-up reactions (very rapid deprotonation). The radical shows reduction peak on the reverse scan, Scheme I. 
Scheme
